ABSTRACT: While a plethora of protocols exist for the synthesis of sub-10-nm gold nanoparticles (AuNPs), independent control over the size and surface composition remains restricted. This poses a particular challenge for systematic studies of AuNP structure− function relationships and the optimization of crucial design parameters. To this end, we report on a modular two-step approach based on the synthesis of AuNPs in oleylamine (OAm) followed by subsequent functionalization with thiol ligands and mixtures thereof. The synthesis of OAm-capped AuNPs enables fine-tuning of the core size in the range of 2−7 nm by varying the reaction temperature. The subsequent thiol-for-OAm ligand exchange allows a reliable generation of thiol-capped AuNPs with target surface functionality. The compatibility of this approach with a vast library of thiol ligands provides detailed control of the mixed ligand composition and solubility in a wide range of solvents ranging from water to hexane. This decoupled control over the AuNP core and ligand shell provides a powerful toolbox for the methodical screening of optimal design parameters and facile preparation of AuNPs with target properties.
■ INTRODUCTION
Among all of the nanomaterial systems, gold nanoparticles (AuNPs) are one of the most widely studied material platforms. With distinct chemical and physical properties, AuNPs have become vital components in various optical, 1,2 catalytic, 3−5 chemical, and biomedical 6−9 applications. Sub-10-nm AuNPs are of particular interest for a number of reasons. Functionalization with a densely packed self-assembled monolayer of thiol ligands offers reliable core protection and long-term colloidal stability, provided by the strong interaction between gold and sulfur. 10, 11 The broad library of available capping agents and its size range makes these types of AuNPs promising candidates as biomedical agents and as building blocks in constructing nanostructures with higher orders. 12−15 The chemical nature of the stabilizing ligand shell structure is decisive for many NP properties, including solubility, chemical reactivity, and binding affinity. 16−20 It has been reported that the interrelationship between NP size and surface properties is key for controlling cellular uptake 21 and protein adsorption. 22, 23 This demand poses challenges for existing preparation protocols as most are parameter-sensitive wet-chemistry syntheses. For example, although uniformly distributed thiolprotected AuNPs can be synthesized, both the classical onestep Brust−Schiffrin method 24 and the one-phase version 25 suffer from a divergence of the NP core diameter when varying the composition of the ligand shell, making comparability and systematic studies difficult. 26 Exchange of the capping agent offers a viable route to decoupling gold core preparation from ligand shell functionalization. 27, 28 In the so-called place-exchange reaction, an excess of target ligands is introduced to replace the existing protecting shell. 29 The kinetics and evolution of the ligand shell morphology in thiol-for-thiol exchange reactions were recently studied in great detail. 30 An alternative is the synthesis of AuNPs with a more labile intermediate capping agent to facilitate the exchange. The use of AuNP protectants such as citrate, 31 phosphine, 32,33 4-(N,N-dimethylamino)pyridine (DMAP), 34, 35 dioctylamine (DOA), 36 and tetraoctylammonium bromide (TOAB) 37 allows us to separate the synthesis of the AuNP core and the formation of a tailored ligand shell via a thiol-for-agent ligand-exchange procedure. 37 While each of the routes described above has been successfully implemented in certain protocols, their general applicability is limited by drawbacks such as (i) the available AuNP size range and size tunability, (ii) the uniformity in size and shape of the AuNP core, (iii) the stability and exchangeability of the intermediate capping agent, (iv) the yield and scalability of the reaction, and (v) the practicality of the procedure. Reliable thiol-for-thiol exchange is timeconsuming, with most protocols requiring daylong procedures. 30 Because of the strong association between the capping agent and the gold core, it is generally challenging to achieve complete and homogeneous substitution. Typically, replacement thiols are introduced in large excess, which raises concerns over partial etching of the AuNP core. 38, 39 For citrate-based AuNPs, the available size range is typically 10− 150 nm, 40 though some protocols exists to tune the mean size below this range. 41 In contrast, phosphine-based protocols are limited to <2 nm. For DMAP-based, DOA-based, and TOABbased AuNPs, the available uniformity and tunability of the AuNP core are somewhat restricted. 36, 42, 43 Moreover, it remains a challenge to achieve a satisfiable yield and compatibility with large-scale synthesis when the intermediate AuNP complex is unstable. 33, 44 The use of oleylamine (OAm) in AuNP synthesis has attracted considerable interest due to its ability to play multiple roles as surfactant, solvent, and reducing agent. 45 OAm alone is able to reduce the gold precusor and stabilize >8 nm AuNPs at elevated temperature (>80°C) in small-scale syntheses. 46−49 Recently, the introduction of additional reducing agents enabled the facile production of smaller AuNPs with a narrow size distribution and size tunability near room temperature. 50, 51 The potential of further surface functionalization by ligand exchange was recently validated for alkylthiol, 52 biphenylthiol, 53 azothiol, 54 and charged thiol mixtures. 55 Based on OAm as intermediated capping agent, we herein report on a two-step protocol for independent control over AuNP core and ligand shells. We study the applicability of this approach to produce thiol-capped AuNPs via thiol-for-OAm ligand replacement and establish a successful procedure to tune the core size as well as the capping-layer composition within a broad library of thiol ligands and mixtures thereof. The resulting AuNPs exhibit solubilities ranging from hexane to water and are ideally suited for systematic studies of AuNP structure−function relationships as well as AuNP engineering of crucial design parameters.
■ EXPERIMENTAL SECTION
Synthesis of OAm-AuNPs. The chemicals were purchased from Sigma-Aldrich (U.K.) and used without further purification unless otherwise stated. A generic OAm-AuNP synthesis started with the preparation of the precursor at room temperature (RT, 20°C) by dissolving 0.5 mmol of hydrogen tetrachloroaurate (III) hydrate (HAuCl 4 ·3H 2 O, 95%) in a 40 mL solvent mixture of OAm (C18 content: 80%−90%) and n-octane (97%) (1:1 v/v). The solution was sonicated under a flow of argon (Ar) for 10 min before stirring at a designated reaction temperature. For the precise control of the reaction temperature, a 100 mL jacketed flask was used in the synthesis with a temperature-controlled circulating bath (Grant Instruments, GR150-R2). The reducing solution was prepared by dissolving 0.5 mmol of t-butylamine-borane complex (tBAB, 97%) in 1 mL of OAm and 1 mL of octane before the injection into the precursor solution under vigorous stirring. The mixture was left reacting in an Ar atmosphere at the specified reaction temperature for 2 h before 30 mL of acetone was added to quench the reaction. Various batches of OAm-AuNPs were prepared in octane to study the effect of the reaction temperature in the range of 1−50°C. The scalability of this method was studied at 15°C, when 0.25 and 1.0 mmol of HAuCl 4 were used, respectively. The AuNPs were collected by centrifugation at 5000g for 10 min and then redispersed in dichloromethane (DCM). The obtained samples were dried in a vacuum desiccator after repeated washing in ethanol.
Thiol-for-OAm Ligand Exchange for AuNPs with a Homoligand Shell. The general procedure of the ligand-exchange process started by dissolving 0.2 mmol of the designated thiol ligand mixture in 10 mL of DCM by vigorous stirring at RT for 10 min. Subsequently, 30 mg of the OAm-capped AuNPs in 5 mL of DCM solution was injected, and the solution was allowed to react at RT for 6 h. To terminate the ligand-exchange procedure of organic-soluble AuNPs, the solution was first evaporated in a rotary evaporator before washing with methanol (MeOH) or acetone three times to remove the excess free ligands in solution. In the case of targeting water-soluble AuNPs, MeOH or acetone was directly added to terminate the reaction. The functionalized AuNPs were collected by repetitive centrifugation at 5000g for 10 min before further drying in a vacuum desiccator. Various batches using the following thiol ligands were prepared with the same protocol: 1-hexanethiol (HT, 97%), 1-octanethiol (OT, 98%), 11-mercapto-1-undecanol (MUO, 97%), 2-phenylethanethiol (PET, 98%), MDDCBO (synthesis adapted from a reported protocol, 42 see SI), MNT (synthesis adapted from protocol, 56 see SI), 11-mercaptoundecanoic acid (MUA, 95%), and 11-mercapto-1-undecanesulfonate (MUS) (synthesized as reported, 57 see SI). For a more detailed summary of the results, see Table 1 .
To compare the ligand density of thiol-protected AuNPs prepared by the two-step OAm ligand-exchange method via a classical one-step synthesis, OT-capped AuNPs were prepared following the single-phase protocol developed by Stucky and co-workers. 25 In detail, 0.5 mmol of chloro(triphenylphosphine)gold(I) (95%) was mixed with 2 mmol of OT at 80°C followed by subsequent reduction with 5 mmol of tBAB at the same temperature for 1 h. The solution was cooled to 40°C before the addition of 30 mL of MeOH. The AuNPs were collected after washing three times in acetone and subsequent vacuum drying.
Thiol-for-OAm Ligand Exchange for AuNPs with a MixedLigand Shell. Similar to the functionalization of a homoligand shell, mixed-ligand AuNPs were prepared by mixing 0.2 mmol of the thiol ligand mixture at a given feed ratio with 30 mg of the OAm-capped AuNPs in DCM. Functionalized AuNPs with the following ligand mixtures (molar feed ratio) were used: MUO-PET (50−50%), MNT-HT (60−40%), MDDCBO-HT (60−40%), and MUS-OT (60−40%). For MUS-OT composition variation, the following prescriptions were introduced: 80−20, 60−40, 40−60, and 20−80%.
Characterization. A high-resolution 200 keV transmission electron microscope (TEM) system (JEOL, JEM-2010) was used for size imaging. UV−visible (UV−vis) absorption was measured with a fiber-based setup that combined a stabilized tungsten−halogen light source (Thorlabs, SLS201/M, a cuvette holder (Quantum Northwest, qpod 2e) and a high-sensitivity spectrometer (Ocean Optics, QE-Pro). Thermogravimetric analysis (TGA) was studied with a thermogravimetric analyzer (TA Instruments, TGA 550) at a ramp rate of 20°C/ min from RT to 550°C. Proton nuclear magnetic resonance ( 1 H NMR) results were obtained at 400 MHz (Bruker, Avance III). NMR analysis was carried out in two steps. First, the effectiveness of AuNP washing was verified by line broadening of the surface-bound thiol ligands. Subsequently, ligand desorption was induced by the addition of iodine (I 2 ); see the Supporting Information.
■ RESULTS AND DISCUSSION
The synthesis platform based on AuNP synthesis with OAm as an intermediate capping agent and subsequent thiol-for-OAm ligand exchange is illustrated in Figure 1 . While the reaction temperature is used as sole parameter to tune the AuNP core size in the initial synthesis, subsequent ligand exchange involving thiols (in minimum excess) allows us to produce thiol-capped AuNPs with ionic, amphiphathic, and hydrophobic ligand functionalization as well as mixtures thereof. Fine Tuning of the OAm-AuNP Core Size with Temperature. The synthesis of OAm-capped AuNPs was revisited using the burst nucleation method based on the reduction of HAuCl 4 by tBAB. 50 A representative image of AuNPs stemming from synthesis at different reaction temperatures is shown in Figure 2a . The resulting size distribution as a function of reaction temperature is summarized in Figure 2b with characteristic histograms for each temperature in the Supporting Information ( Figure S1 ). A clear effect of the reaction temperature variation on the resulting AuNP size can be observed. For example, at a reaction temperature of 1°C, AuNPs with an average size of 6.3 ± 0.7 nm were obtained, which reduced to 5.0 ± 0.6 nm for 10°C, 4.0 ± 0.6 nm for 20°C , 3.0 ± 0.5 nm for 30°C, and 2.2 ± 0.4 nm for 40°C. An increase in the reaction temperature to 50°C did not lead to a further reduction of the average diameter (2.2 ± 0.4 nm). Thus, by controlling only a single experimental parameter, the reaction temperature, the average size of the AuNPs was systematically tuned in the range of 2−7 nm. These results are in line with reported values for OAm-based synthesis in octane 26 and show a trend similar to that of the OAm-based synthesis in tetralin. 50 Moreover, this approach yielded excellent scalability as evidenced by the consistent results when varying the batch size by a factor of 4. At 15°C, the size distributions for 0.25, 0.5, and 1.0 mmol HAuCl 4 batch sizes were determined to be 4.6 ± 0.5, 4.6 ± 0.6, and 4.7 ± 0.6 nm, respectively (Supporting Information, Figure S2 ). This simple tunability over such a broad size range makes the OAm-based AuNP synthesis an ideal base for the subsequent functionalization via thiol-for-OAm replacement.
Ligand Packing Density. While OAm-based synthesis was previously introduced as a reliable procedure for AuNP preparation, the primary aim of this work was to use this protocol as a base for subsequent functionalization with a broad range of target thiol ligands and mixtures thereof. In order to compare the ligand shell of 1-octanethiol (OT)-capped AuNPs after thiol-for-OAm exchange (OAm-OT AuNP) with those obtained directly by a one-phase method (OT AuNP), batches were prepared for each method and dried thoroughly by rotary evaporation and subsequently overnight in a vacuum desiccator. The TGA results of those samples are presented in Figure S8 . The weight loss observed in the range below 600°C can be exclusively related to the decomposition of the organic ligand shell as most of the organic component is converted to H 2 O or CO 2 in air. This conversion predominantly was observed at around 200°C for OT ligands. From TEM images, the average sizes of OAm-OT and OT AuNPs were analyzed to be 4.9 ± 0.4 and 4.4 ± 0.4 nm in diameter, respectively. Combining the weight loss determined by TGA and the average size from TEM analysis, the ligand density of OAm-OT AuNPs and OT AuNPs was determined to be 4.5 and 4.7 ligands/nm 2 using a simplified spherical model 58 (Table S1 ). The similarity in the ligand packing between the two synthesis routes suggests that the OAm method is an ideal alternative to the established onestep, one-phase method with distinct advantages. While the reaction temperature is an important parameter in the onephase method, size control over the full reported range typically requires further adjustment of the reaction solvent mixture. 25 More importantly, the type of thiol ligand plays an important role in the observed size distribution of the AuNP core, making it particularly difficult to independently vary both parameters in systematic studies.
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Variation of Thiol Capping and Resulting Solubility of AuNPs. Various thiol-capped AuNPs from an extensive library of DCM-soluble ligands were successfully prepared via the presented thiol-for-OAm ligand exchange approach. An overview of the studied ligands and the resulting AuNP solubility after functionalization is shown in Table 1 . UV−vis absorption spectroscopy was used to evaluate the AuNP solvation by tracking their respective plasmon resonance peak ( Figure S9 ). The simple but versatile ligand-exchange step enabled the functionalization of thiol-capped AuNPs that could be dissolved in solvents ranging from nonpolar (hexane, toluene, and chloroform) to polar aprotic (DCM) and polar protic solvents (H 2 O, MeOH, and EtOH). Furthermore, the complete thiol replacement was also evidenced by the disappearance of the OAm characteristic footprint from 1 H NMR, as presented in Figure 3 . An overview of the obtained yield for both AuNP syntheses in OAm (step 1) and thiol-for-OAm AuNP functionalization (step 2) is shown in the Supporting Information (Table S2) . While a reaction yield of 94.9% was recovered for step 1, we obtained yields of 91.6 and 87.8% for subsequent functionalization with MUA and MUO, respectively.
AuNPs with various binary mixtures of thiol ligands were also studied by introducing a prescribed feed composition for OAmAuNPs with a size distribution of 4.9 ± 0.4 nm during the thiolfor-OAm ligand exchange. The UV−vis results of different mixtures ( Figure S11 ) indicate the solubility of MUS-OT AuNPs in H 2 O, MUO-PET AuNPs in MeOH, MNT-HT AuNPs in chloroform, and MDDCBO-HT AuNPs in the liquid crystal (LC) 4-cyano-4′-pentylbiphenyl (5CB). Most distinct is the effect of a binary ligand mixture on solvation for a combination of MDDCBO and HT. While the homoligandprotected AuNPs with MDDCBO (or HT) showed very limited solubility in 5CB, the binary ligand mixture of MDDCBO and HT greatly improved solvation. This can be explained by the introduction of the short ligand as a spacing agent. 42 
Variation of Ligand Shell Composition for Binary
Mixtures of MUS and OT. In order to establish a detailed relationship between the feed ratio of the binary ligand mixture in the thiol-for-OAm exchange step and the resulting ligand composition on the surface of the AuNPs, batches were prepared from six different molecular ratios of MUS and OT. The same OAm-protected AuNPs were used as based material throughout this study, with a size distribution of 3.6 ± 0.5 nm in diameter. In detail, the washed and dried AuNPs after ligand exchange were dissolved in a mixture of D 2 O and MeOD (batches with MUS) and CDCl 3 (the batch with OT only) for the purpose of AuNP (and I 2 ) solvation. The 1 H NMR spectra of these solutions maintained only peaks from the solvents or impurities (Figures S12−S17), which suggests that a vast majority of the thiol ligands were attached to the AuNP surface. 59 The addition of I 2 in excess gave rise to the distinct and characteristic peaks by the desorption of the thiols from the AuNP surface. By comparing the integration data of peaks contributed by MUS and OT individually, the yield ratio was determined and compared with the original feed ratio, as presented in Figure 4 . 57 Interestingly, the resulting surface composition scaled accurately and reproducibly with the feed ratio variation, demonstrating that the ligand composition can be precisely controlled with the herein-presented approach. These results are in stark contrast to thiol-for-thiol place exchange reactions, where the difference in thiol affinity for the gold surface poses a challenge for the consistent variation and tunability of the effective binary ligand composition on the AuNPs. 60, 61 In the present approach, the dominating competition for surface adsorption is between thiol and OAm rather than thiol and thiol. The composition variation was further supported by the TGA results shown in the Supporting Information ( Figure S18 ). On the basis of the ligand shell molar ratio of MUS and OT obtained by NMR analysis, the partial packing density for each ligand component was calculated for the different MUS-OT batches, as shown in Table S3 .
We note that for reliable and reproducible functionalization with a consistent relationship between the ligand feed in solution and ligand yield on the AuNPs, the presented route relies on the solubility of the respective target thiols in a common solvent with the OAm-protected AuNPs, here DCM. A vast library of thiol ligands are either hydrophobic or amphipathic and thus compatible with the approach. Indeed, most of the commonly used thiol ligands exhibit a hydrophobic alkyl backbone with a functional (and often polar) end group. In contrast, hydrophilic thiols with poor solubility in DCM require functionalization via a two-phase process with H 2 O, which resulted in less precise control over the ligand composition. Additionally, the above shown tuning of the ligand shell composition by the feed ratio relies on a nonspecific coadsorption of both thiol ligands in a binary mixture. Recent work by Klajn and co-workers elucidated the effect of electrostatic interactions between different ligand types on the final composition of the ligand shell. 55 For a mixture of a positively charged viologen-based ligand and a zwitterionic sulfobetaine ligand, a variation of the ligand feed ratio by a factor of 5000 changed the effective ligand composition on the nanoparticles by only a factor of 3. In more general terms, we anticipate our approach to be a versatile nanoparticle platform for the study of both size and ligand composition on the resulting ligand shell morphology. 62 
■ CONCLUSIONS
The presented synthesis platform for AuNP synthesis enabled the decoupling of core size refinement and ligand shell variation in thiol-capped AuNPs. Following a modified synthesis with OAm as an intermediate protecting capping agent, the core size was tuned in the range of 2−7 nm by varying the reaction temperature. Subsequently, the functionalization of the OAmAuNPs with a wide choice of thiol ligands and binary mixtures thereof was achieved, resulting in tunable solubility ranging from H 2 O and alcohols to apolar organic solvents and LCs. Moreover, the thiol-for-OAm ligand exchange method proved to be as efficient as the conventional one-step method in preparing AuNPs with dense ligand packing. For MUS-OTprotected AuNPs, a consistent relationship was established between the thiol ligand mixture in the feed solution and the resulting composition on the AuNP, demonstrating precise control over the surface properties. We regard this synthesis platform as a valuable tool for fabricating thiol-protected AuNPs with rational design optimization for target applications. 
